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Tabulation of Experimental Hecults
Lignite Content i*c 0 lb
(percent) Hr
3 No. Dakota !”xt" 15.2 43.9 389
fctar
4 tf ff 14.9 49.0 394
5 ft ft 19.5 38.6 1099
6 ft f» 19.0 39.3 991
7 It If 15.8 41.4 ::o8
0 Kincaid 1 A ft v A ft J-a Ao 33.7 43.5 960
9 If tf 33.7 43.6 378
10 If ff 34.2 69.0 920
11 tf tf 33.6 65.7 960
12 If tf 11.6 51.1 310
13 tf rr 19.0 42.8 900
14 ff tf 3.1 49.7 955
15 tf ft 17.8 47.0 1050
16 tf tf 17.4 37.3 933
17 ft Tf 27.0 33.7 1093
10 tf ff 25.1 35.2 933
19 ft ff £4.1 40.0 1012
* In the moisture determination a compositite sample wa s taken
from the product mixture before screening.
Tabulation of Experimental Kesults
Hun No. Gross rower Net
tower liapty Power





3 1845 979 866 6307 7.29
4 1906 S3 2 1004 7267 7.24
5 2020 885 1135 7412 6.53
6 1920 991 1000 8516 8,52
7 1962 945 1017 7103 - 7,00
3 2450 1000 1460 3321 2.64
9 2500 1065 1435 4207 2,93
10 2540 1028 1512 3398 2,25
11 2470 1000 1470 3319 2,26
12 2120 1225 895 5510 6.16
13 • 2045 1055 990 6020 6,03
14 1785 1030 755 6003 7.96
15 2160 909 1251 5946 4,75
16 1980 971 1009 5368 5.81
17 1962 319 1093 5480 4,79
13 2145 988 1157 5341 5,03
19 2025 963 1062 5490 5,16
* Based on the entire time of the run
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4 rr r/ oOO '.00 .00 .00 .00 . 29
6 .33 a ‘iO .24 .32 4.0* a. •' 2.02
oO 3.46 2.58 3.18 2.11 A '7, r7 12.00
oH 5.95 4.22 yi 07 « */ l 3.62 C . 03 22.20•3
IS 23.05 22.30 25.25 20.00 28.00 19.73
20 17.05 17.55 17.60 16.74 16.00 13.55
30 14.00 14.41 15.22 14.62 12.45 9.51
40 1i «=>?> 12.00 10.68 11.76 S. 95 7.07
30 0.23 7..89 7.41 8.4.3 6.32 5.48
70 5.93 5,76 5,34 d i r\ va * X'A 4.57 2.60
ICC 4.94 4.85 4.37 n; /i o w a 3.89 2.45
140 1.65 • 1.37 1.34 ' 1.96 1.17 1.30
O o 2.80 3,79 2.79 3.47 2.72 .721
-SCO 2.63 2.73 3.76 4.52 3.70 1.16
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4 .50 .19 .31 .05 .05
6 1.80 1.73 1.32 .71 .80
8 9.80 1 0c52 10.70 6.78 6.92
10 19.80 21.75 21.00 17.10 16.60
16 17.95 20.60 20.15 20.45 19.82
20 14.70 14.00 13.95 15.45 15.64
30 10.60 10.15 10.50 11.60 11.27
40 8.33 9.20 11.63 8.42 8.46
50 6.57 4.12 3.67 5.69 5.92
70 3.91 2.87 3.26 4.57 4.26
100 2.94 2.49 1.53 3.36 3.66
140 1.31 1.53 1.12 1.19 1.38
o ahfcJ W 'J * net .51 2.51 2.27
-200 1.14 .29 c 20 2.05 3.00
SCRPPH JttTALTSIS OP PPODWCT
Eun ITumber 14 15 16 17 18 19
IT. S. Sieve Pei frht height Weight Weight Weight v,eir;h.t
ITumber Percent. Percent Percent Percent Percent Percent
4 .00 .00 .00 . 00 .00 .00
6 • 9 6 1.60 1.11 1.46 1.50 .91
8 6.60 3.53 7.42 8.60 9.1C 6.59
10 18.00 17.35 15.79 17.90 18.80 16.42
h '21.80 19.50 10.70 19.72 20*30 20.40
20 15.40 14.88 15.06 14.95 14.94 15.70
30 10.65 10.77 11.24 10.54 1 />-*.V' • o'*. 11.48
40 7.80 7.SS S.4S 7.88 * • Ot 8.53
50 5.30 5.6S 5.22 5.53 5.11 5.C7
70 3.72 4. no 4.47 4.00 r? ef* 4.80
100 3.22 5.50 3.87 3.43 2.93 5.57
140 .98 1.67 2.44 1.23; 1.00 1.51
200 o on~ * <2»0 1.75 1.43 2.04 1.87 1.90
-200 3.38 2.95 2.77 2.72 m“> A  A~ *uu o nfj
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4 .185 5.400 4.600
6 .131 7.G40 6.520
8 .093 10.76 9.200
10 .079 12.65 11.70
16 . 046 21.75 17.20
20 . 0328 50.45 26.10
30 . 0232 43.20 36.83
40 .0164 61.00 52.10
50 .0116 86.20 73.60
70 .0082 122.0 104.1
100 .0058 172.5 147.3
140 . 0041 244.0 208.3
CvJ a o .0029 344.2 294,1
Introduction:
Although the. importance of crushing and grinding is un­
questionable in everyday engineering practice in industry, 
surprisingly little data end Information is available in the 
literature. Very little research work has been done on this 
important phase of engineering. Little information is avoid­
able on the grinding charocteristics of coal and no informa­
tion is available on lignite. The State of Lorth Dakota has 
a vital interest in the future of this potentially important 
raw material since north Dakota is one of the leading states in 
lignite deposits, as Industry expands into the^-est, there 
should be an ever increasing demand for lignite as a fuel 
since freight costs are high for shipping coal from the gast. 
Although there are many guesses as to how long the petroleum 
reserves will last and an accurate estimate cannot be made, 
eventually the nation must look to a new source for its liquid 
fuels. Coal, oil shale, and lignite offer the best solution 
to this problem. Research work is being done with all three 
materials in the production of synthetic liquid fuels. Prob­
ably most of the work has been done with coal; however, coal 
and oil shale are plagued by large quantities of sulfur. The 
gas produced from lignite before conversion to the liquid fuel 
is low in sulfur which makes it a desirable starting materiel 
for the synthetic gas. The gas produced from lignite, too, has 
the detrimental sulfur but it is a "cleaner gas" than that pro­
duced by coal and shale oil.
(1)
whether the lignite is to be used directly as a fuel or 
in the production of synthetic fuels, it may be found desir­
able to crush the lignite before it is used, Dome processes 
use crushed coal as a fuel. The crushed coal has a high sur­
face per unit weight which facilitates combustion. The rate 
of combustion is directly proportional to the contact surface 
between the coal and the oxygen. In the production of syn­
thetic fuels, it may be found that the optimum conditions can 
be obtained in synthetic gas production if the coal is first 
crushed in order to produce a high contact surface between 
the lignite and atcan.
In this series of crushing runs, two types of lignite 
were used, forth Dakota Star which was obtained from the TJ.3* 
Bureau of Mines and Dinesid which was obtained from the uni­
versity power plant.
Purpose:
If a process is to use a dried, crushed fuel such as 
lignite, the question arises as to whether it takes less 
power to dry and then crush the lignite or to crush and then 
dry. This series of runs does not cover the entire question 
but is only a study of the power consumption of grinding 
lignite once the fuel has been dried to the desired raoieturo 
content.
The main purpose of this study is to learn how the grind- 
ability of the lignite io affected by the moisture content.
Does it toko more or less power to crush a high moisture con­
tent fuel cud, more important, what is the relationship between
(2)
the power consumption end the moisture content?
Empirical Laws' Governing Crushing:
Basically, there ere two theories advanced as to how the 
grindability of a substance can be measured. Lickfs Law states 
that the grindabillty is a function of the particle diameter 
change of the material being crushed. Hittinger’s Lav/ states 
that the grindabillty of a substance is a function of the sur­
face area produced and the energy input in shearing the struc­
ture of the material. The new surface produced in crushing is 
many ti .es the surface of the original uncrushed lignite. Al­
though Hittinger*s Law is based on the net new surface produced, 
the original area of the uncrushed lignite could be neglected 
with very little error introduced, 
discussion of iroblem:
The grindabillty, then, will be defined as the net surface 
produced divided by the net energy input. Here two difficulties 
arise and that is the me.surement of the net surface produced 
and the net power consumed in producing the new surface. For 
a substance that sub-divides into so many tiny fragments, it 
is not practical to measure the particle surface so a method 
must be employed that corresponds to measuring the surface.
The second difficulty arises in measuring the power that ac­
tually goes into crushing the lignite. It is well known that crushm^ 
machines are highly inefficient in that most of the power is 
lost due to friction end inherent inefficiencies in the machin­
ery and the process. E. L. Piret , at the University of 
Ilnnesote, has done research work on actually measuring the
if.
(3)
absolute work done by placing a given substance in a drop- 
ball cylinder. £y placing a sample in the cylinder and drop­
ping a steel ball of known weight through a certain distance, 
the kinetic energy of the ball can be calculated and the energy 
that does not go to crushing the sample is measured by the de­
formation of a piece of aluminum wire placed below the seat 
where the sample is set* The difference between the kinetic 
energy of the ball and the energy consumed in deforming the 
wire is assumed to go toward crushing the sample. Materials 
that break into regular shapes, such as quartz, were used so 
that the actual area produced could be calculated.
Ho attempt is made in this experiment to measure the 
absolute power used or the actual net area produced. The 
grindability of the lignite samples of various moisture con­
tent can be compared without knowing the absolute or theoret­
ical grindabilities of the samples just as the enthalpy change 
of a substance can be measured without knowing the absolute 
enthalpy of the substance.
In calculating the grindability using Hit linger* s Law, 
it is necessary to base the calculations on the dimensions 
of a cube, by sub-dividing a given cube into, equal smaller 
cubes and comparing the new surface produced to the edge of 
the cube, it becomes obvious that the new surface produced 
is inversely proportional to the first power of the cube’s 
edge, mince lignite does not fracture into cube shaped par­
ticles, it is necessary to employ a surface factor if the 
grindability of the lignite is to be compared to the grind- 
ability of another substance. The surface factor will be
(4)
discussed .in greater detail. Coal, on the other hand, frac­
tures into almost perfect cubical shaped particles. It is 
not known whether the shape varies as the particle size de­
creases. Dallavalle0 states that the surface factor renalns 
constant for a given material; that is, the crushing charac­
teristics can be compared for the same material without a 
knowledge of the surface factor.
Experimental Procedure:
The new surface produced is determined by making a scree-i 
analysis of the crushed coal and recording the fraction of 
the broken lignite that remains on each screen. The net prwr.r. 
is determined by measuring the power input during a run and 
also the power used when the mill runs empty. The difference 
is the net power. The net power is by no means a measure of 
the power that is consumed in actually crushing the coal, but 
the sum of the power gone into crushing plus that which is 
lost due to the inefficiency of the mill. It will be assumed 
that the inefficiency of the alii is essentially constant so 
that the trend of the grindability versus the moisture con­
tent can be readily seen even though the measured power in­
cludes the inefficiency. If the inefficiency is essentially 
constant, the trend should then be due to the change in the 
actual grindability of the various moisture content samples.
Equipment and Experimental Conditions:
In this series of runs, an attempt was made to hold ell 
conditions as constant as possible and the only variable em­
ployed was that of the moisture content of the coal. Unfor­
tunately it was necessary to change the type of lignite used
(5 )
and the feed size at the same time due to an unavailable
supply of Worth Dakota .tar. A previous series of runs
had shown that the efficiency of the hammer mill employed
varied with the feed rate, attempt was made to keep
lbthe feed r: te at 900 “y-“. The Worth Dakota star lignito 
used had been steamed dried previously and the feed size 
was x later Kincaid lignite was used and the feed
size was l£” x -j'*. All of the Kincaid lignite was received 
as it came from the mines with no previous processing before 
it was used in this experiment. For this reason, it i3 felt 
that the results as obtained from the Kincaid coal are more 
reliable. The North Dakota Star lignite had been steam 
dried and then set outside exposed to the elements which 
could alter the physical characteristics of the lignite. 
Once the lignite has been dried, it is more porous and can 
readily absorb rain water which could lead to an inaccurate 
picture of the moisture content of the coal.
The high moisture content lignite was placed in a tray 
drier where the amount of drying was controlled by the time 
that the coal was kept in the drier. Varying the time and 
steam Jinput for the various samples gave the moisture con­
tent ranged desired. The dried lignite was then screened 
for the proper feed siso, then the screened lignite was 
weighed. Tech run consisted of a 100 pound charge. The 
lignite was then run through the hammer mill and the power 
consumed was measured by timing the rotation of the meter 
throughout the entire run with a stop watch. The time that
( G )
it took to run off the 100 pound charge was also recorded
The power consumption for running the mill empty was mea­
sured immediately after the run. A sample of the crushed 
lignite was taken for a screen analysis. The sample was 
run through a nest of thirteen screens ranging from ;/4 to 
ijit00 U. S. standard aeries screens. The weight of lignite 
on each screen was recorded and the percent of the sample 
on each screen was calculated. A sample was taken from 
each screen for the first ten runs for a visual study of 
the shape and surface of the lignite over the entire screen 
and sub-screen range. Another sample was taken for a mois­
ture determination and a I-Iardgrove grindnbility test. The 
moisture determination followed was that prescribed by the
3A.8.T.M. manual. The loss In weight of the oven dried 
moisture sample is defined as the water content of the coal 
and it is assumed that the volatile material lost other than
water is negligible. A more important question is whether 
the water is held as bound H o0 or whether the hydrogen and 
oxygen is in some other form in the coal and is converted 
into water vapor in the oven. Probably the water is in 
both forms in the coal but it is not known what ratio is 
held between the two. A third sample was taken for the 
minus /y'200 mesh range in order to determine the average 
particle size in the sub-sieve range, 
tet hew surface:
The net new surface produced is not measured but cm 
equivalent method is used. As previously stated., the new
(7)
surfe.ce produced is inversely proportional to the reciprocal 
of the particle diameter. A convenient way of expressing 
the surface produced would he to sum up the reciprocal of 
the average particle sines over all the screens since the 
surface Is Inversely proportional to the particle size. Iso 
It will be convenient to multiply the average reciprocal 
particle size on a given screen by the weight percent of the 
lignite on that given screen. The weight percent is used 
instead of counting the number of particles which of course 
is not practical or possible. In effect the picture has not 
been changed at all. The pseudo net new surface should be 
equivalent to actually determining the net new surface pro­
duced o This new surface is still based on the cube so that 
the product of the reciprocal diameter and weight percent 
must be multiplied by the surface factor if the lignite is 
compared to coal, for example, because the surface factor 
for the two substances is different, wince the results of 
this experiment are not compared to any other substance, a 
knowledge of the surface factor is deslx'able but unnecessary 
in comparing the griusabilities of the v rious moisture con­
tent lignites, 
surface Factor:
A visual study was made of the particles over the entire 
screen range under a microscope. The purpose of this study 
was to learn the shapes the fractured particles assumed, how 
these shapes varied over the screen range, and whether or not 
the shapes varied for the different moisture content samples.
(0)
Under u microscope it con immediately be seen that the 
crushed lignite does not sub-divide into regularly shaped 
particles which is unlike coal in that the coal breaks up 
into regular cube shaped particles. The shape of the par­
ticles are entirely random in nature; that is, no two par­
ticles are identical in shupe. It becomes immediately 
apparent that a simple surface- factor cannot bo employed 
corresponding to a symmetrical geometrical shape. Some 
particles are almost brick shapes, others are almost round, 
still others are almost rod shaped. Most of the particles 
are any combination of these shapes. The cleaved planes 
are not smooth, for the particles appear extremely ragged 
and frayed in nature, although it is impossible to place 
the shapes entirely into one general category, it is read­
ily noticed that the particles could well be compared to 
disc or plate shaped figures. This, of course, is neglect­
ing the ragged edges and uneven contour. It would not be 
far from wrong in describing the particles as being plato 
shaped but it should be kept in mind that even the thick­
ness of each particle is not constant in that the thick­
ness can vary from a disc shape to a wedge shape. It can 
well bo said that the general shape of the average of the 
particles is essentially disc shape. Furthermore, the 
ratio of the thickness to the diameter of the particles 
on each screen seems to be essentially constant. As the 
particles become smaller on the higher mesh screens, the 
ratio between the thickness to the diameter of the particle
(9)
becomes smaller in that the plates are becoming thinner and
approaching a flake shaped particle, from the ,/4 mesh down 
to the ,v'30 mc-sh screen, the ratio of the thickness to the 
diameter is approximately one to four, from ;,"30 to 70 mesh, 
the ratio is approximately one to five, from 70 to ;/140 
the ratio Is approx!;..ately one to six or seven. At this 
point the particles start to lose their plate shape and 
change to flake shape particles. Up to the i*200 mesh screen, 
the ratio Is about one to ten but this estimate is not too 
accurate. In the sub-sieve range, the particles are flake 
shape and the smaller flakes are almost transparent.
This study gives a visual general picture of the surface 
factor. Based on a cube having a unit surface factor, the 
surface factor for the lignite is high. The surface per unit 
weight of the crushed lignite Is higher than the surface per 
unit weight of crushed coal. This is especially time in the 
sub-sieve range where the surface per unit weight of the 
flaked lignite is extremely high. Tills fact is advantageous 
in that the contact surface of the lignite is higher than
that of coal per unit weight. In any combustion or chemical 
reaction process, the rate of reaction of the crushed lignite 
will be greater than that of the crushed cool if only the sur­
face aspect is considered. The surface factor of the lignite 
is also a function of the particle size. a s the lignite par­
ticle decreases in size, the plate shape approaches a flake. 
The flake has a much higher surface per unit weight than the
plate and therefore, the surface factor becomes progressively 
(1 0 )
higher as the lignite nor t i d e  becomes smaller. Even in the 
low raeeh range where the surface factor is at its lowest 
value for the lignite, the surface factor is still greater 
than that of the cube shaped coal particle,
b. L, riret discusses the surface factor and the surface 
produced and suggests a method fox'1 determining the surface of 
a substance by the gas permeability method which appears to 
offer a good way to determine the surface of a highly irreg­
ular shaped particle such as that of the crushed lignite. By 
passing air through equal beds of lignite and coal and deter­
mining the ratio of the areas in each case, the surface footer 
of the lignite could bo determined when the surface factor 
of the cube shaped cool could be taken as unity. This- series 
of experiments would be extremely long in that the surface 
factor of the lignite is a function of the particle size in 
itself. It would be necessary to compare the coal to the 
lignite over the entire screen range since the surface factor 
of the lignite steadily increases as the particle size 
diminishes,
for a given screen size, the shape and dimensions of the 
particles appeared essentially the same, Independent of the 
moisture content of the lignite. The surface factor, then, 
is only a function of the particle size and not of the rnois- 
ture content. This is in agreement with bulla Valle in his 
statement that the surface factor for a given substance is 
independent of the moisture content of the substance.
(11)
hub-sieve Lignite:
oinee the grindability is a function of the surface 
area and the surface area per unit weight of the sub-sieve 
lignite is higher than in the screen range, it is necessary 
to include the surface of the lignite in this sub-sieve range 
even though it only comprises from »5 to 3.5 percent of the 
total weight of lignite that is crushed.
There are various methods for determining the particle
size of substances such ao the hydrometer method, elufcriation
method, and actual particle size measurement under a rticro-
5scope, Dalla Valle suggests many empirical methods.
It was necessary to select a method that woe reasonably 
rapid and still would give fairly accurate results. W. 0. 
Hinkleyb has done research work on sub-sieve particle size 
determination applying various methods and suggests a method 
that applies Stoke*s Law where the settling rate of a par­
ticle is inversely proportional to the square of the particle 
diameter. The viscosity of the settling medium, and the den­
sity of the settling medium and lignite had to be determined
before a run could be made, otoke’s Law is based on spherics 
shaped particles and the lignite particles are not spherical 
shaped so some error Is to bo expected.
V.hen the viscosity and the density of the settling med­
ium had been determined {benzene at room temperature), the 
weight and volume of a 25ee. weighing bottle determined, and 
the density of the lignite determined by suspending a given
weight of the lignite In the weighing bottle of known volume,
(12)
all of the preliminary information was calculated
known weight of lignite was suspended in a one liter 
graduate filled with benzene .and thoroughly shaken and
then allowed to settle, by pipetting samples at various
/depths at given times and then placing the samples in the 
•weighing bottle and weighting the suspended mixtures, the 
weights of the Lignite in the weighing bottle could be de­
termined. schedule of depths ana tines had been set up 
before the ran was started. It could be readily calculated 
that at a certain depth and at certain time, all particles 
of a certain diameter and larger then the particular diameter 
must be past the given depth if the particles follow otoke’s 
Lav/. Ly successively taking samples at various depths and 
ti _e intervals, it was possible to plot a set of data so 
that the particle sizes could be determined on a weight per­
centage basis. This'method does not give any particular 
size diameter but only relates the percentage of the initial 
charge under a certain particle size. This is best explained 
by looking at Graph 1. 20,0 of the lignite has a particle
size less than 17.5 microns. Lirailer tests were made on 
,Huns r/4 through ,,7 ana the distribution curves are exactly 
the same for ail of the runs 
congruent,
oxide powder except that the slope for the iron oxide powder 
plot was somewhat steeper than that for the lignite. This 
method for determining the particle size of lignite appears 
to be satisfactory.
do)
the curves are practically
inklay obtained the sc me type of curve for iron

It is important to point out two precautions th t must 
be made when this method is applied to lignite. The occur-- 
of the experiment results is extremely sensitive to temper*- 
ture changes. Once the test is started, it is imperative 
that the temperature of the suspending medium is held abso­
lutely constant. If the temperature changes by l°r, the 
accuracy of the results is questionable and a 2°IT change ?:t., 
render worthless results. The temperature change varies to* 
density of the benzene so that a greater weight of benzene :\ 
taken to fill the weighing bottle if the temperature drops 
slightly, a constant temperature is essential and is a fact 
not mentioned by Hinkley since he used .v; ter as a suspending 
medium for the iron oxide powder and the density change of 
water is not so sensitive to temperature. In order to in­
crease accuracy, it is desirable to have the density of the 
suspending medium and the solute as far apart as possible, 
hinkley used water with a density of approximately 1 cm°frnand iron oxide powder with a density of approximately 7
ct.
oince the density of lignite is about 1.4 it was nec-
essary to select a suspending mediura with as low a density 
as possible. Of the available liquids, benzene was selectee. 
The iron oxide powder does not contain water but the 
lignite does so another difficulty was encountered. .hen 
the high moisture content lignite was mixed with the benzene 
and allowed to settle, the material settled much more rapidly, 
It soon became obvious that the insoluble benzene-water mix­
ture was causing the particles to agioaerate, thereby acting
(14)
like particles of large diameter, if high moisture content 
lignite is to be used in this method, it is necessary to 
select another settling medium. ».ny water soluble medium 
should be satisfactory. .Icohol, for example, should be 
satisfactory for the high moisture content lignite, for a 
lignite of 20',‘j moisture or lees, benzene can be used, for 
over 20,1 moisture, alcohol should bo used, it was found 
that a dispersing medium was not necessary for the lignite 
ar.d benzene mixture. The particles showed no sign of ag­
glomerating if the moisture content w..s not greater than 20',e. 
iardgrove t os t:
method lias been used in connection with coal that is 
designed to measure the grindebillty index* of coal. The ad­
vantage of this test is that the grindability of a sample 
can be readily and quickly determined, although there is 
some question as to the real correlation between the actual
grindability and the grindability as determined by the 
3xiarugrove Test, a liardgrove Test was made on each run in 
this experiment.
• >. given sample of lignite wus placed on a ,.--16 mesh 
screen and shaken arid re— ground until all of the lignite 
passed through the ,/16 mesh screen, a  00 gram sample was 
taken from the ,/30 mesh screen and placed in a special 
apparatus colled the kardgrove Grindability .iachine. The 
apparatus consists of a bowl shaped container in which the 
lignite charge is placed, bight one inch steel balls are 
placed on top of the lignite sample and a race placed on
(15)
<«ith the aid of lead weights, 04 poundstop of the balls, 
rest upon the lignite charge and 60 complete revolutions of 
the race are made. The lignite sample is then removed from 
the container and placed on a „2G0 nesb screen. The sample 
is shaken for ton minutes and all of tile lignite that passes 
through the ,;-2G0 mesh screen is weighed * Tor increased ac­
curacy the fraction that does not pass through the ,,-200 mesh 
screen is weighed and the -200 mesh is determined by differ­
ence. The Hardgrove lumber is defined as follows;
H s 13,0 \ 6.93 g 
where, H a Kardgrove Humber
g - weight .(in grams) of -200 mesh sample.
It should be pointed out that this method does not take 
into account the area factor. The hardgrove Test can only 
be used in- comparing the grindnbiiity of one substance rel­
ative to itself, if the kardgrove Humber of a sample of 
coal were the same as the Hardgrove Humber of a sample of 
lignite, the lignite, in reality, would have a higher grind- 
ability index because of the higher surface per unit weight 
that had been produced.
The author of the ilardgrovo Test based the Ear cl grove 
grindability index on a sample of focahontas coal. The 
Herd grove Humber for the f’oeahontas coal was 100. In order 
to substantiate this, a piece of -ocuhontas coal was secured 
from the U. bureau of fines and a test made on it. The 
piece of Pocahontas coal had been laying in a warm room for 
over a year so it was to be expected that the Hardgrove
(16)
Humber for this sample would be somewhat higher then that 
of the standard, a. moisture test was also made which showed 
that the moisture content was negligible in that the sample 
was much less than one percent moisture. The ilardgrove rub­
ber for this, sample was 102, This verified the fact that 
the procedure for the Taragrove Test was carried out cor­
rectly in this set of runs,
A plot of flaragrove liuaber vs, moisture content was 
made but there seemed to be no apparent correlation, 'fills 
may be due to the fact that coal is more brittle than lig­
nite and some of the possible reasons for not getting a 
correlation for the lignite will be discussed in the next 
section, 
elasticity:
<>hen lignite was crushed in the Hammer mill, the par­
ticles assumed the general plate shape as described previ­
ously. There was no evidence of plastic deformation of the 
lignite and the lignite appeared to have been crushed the 
same as a brittle material like ocahontns coal. The hammer 
mill crushed the lignite by means of heaving swinging weights 
which strike the lignite lumps and instantaneously crush them. 
The contact time between the lump and hammer is small end any 
plastic deformation caused would be held to a minimum in' such 
an operation although plastic deformation is possible even in 
this process. The significance of the plastic deformation is 
that energy is consumed in deforming the particles without 
appreciably changing the area or creating new area. It is
(IV)
entirely possible that a large fraction of the input energy 
is wasted in deforcing the lignite particles without increas 
ing the surface area.
In a series of runs in a fall .1111, there was definite 
evidence that the lignite was subject to plastic deformation. 
The Ball Mill is designed to give its crushing action by roll­
ing the steel balls against the Material to be crushed. The 
entire apparatus is rotated and the balls strike pieces of 
lignite caught between other balls or against the sides of the 
container. There is a different grinding action in the Ball 
Mill as compared to the Hammer '.ill and that is evidenced in 
the particles of crushed lignite. The sane particles can be 
struck and rolled over in succession by the steel balls. It 
was noticed that a small fraction of the particles did not 
appear plate shaped or to have a sheared surface, The par­
ticles were rolled abnormally thin and smooth and appeared 
much the same as a ball of dough when it is rolled under a 
rolling pin. Unlike the particles that cone from the Hammer 
'ill which are brittle and tenacious like the original lumps, 
the rolled particles were delicate and hud little strength.
The particle of lignite could be cut readily with the finger­
nail and had a soft consistency, although the bulk of the 
particles that came from the Ball Bill were cleaved and ap­
peared plate shaped similar to those from the Hammer Hill, 
there was sufficient evidence of the plastic nature of the 
lignite•









for the unsuccessful correlation of Hardgrove Humber to the 
moisture content. The physical structure of the lignite it­
self can vary widely although the chemical structure is es­
sentially the sane. It is entirely possible that various 
layers of lignite in the same vein could have been subjected 
to different conditions of temperature and pressure in its 
formation to produce a lignite of a different physical but 
similar chemical nature. This variation of structure could 
also be present in the same moisture content lignite. It 
is well known that lignite varies all the way from almost 
a peat material to a coal. .JL though the north Dakota star 
and Hineaid lignites are in the advanced stage in that they 
are almost like coal in nature and do not resemble the peat 
like lignites, there is still the possibility of a wider 
variation in structural composition of the lignite than is 
found in coal.
The second cause for the failure of the Hurdgrove Num­
ber correlation could well be attributed to the plastic 
nature of the lignite. It must be kept in mind that the 
grinding action of the Hardgrove machine is similar to that 
of the Ball Hill, Huch of the energy input might have gone 
into deforming rather than crushing the lignite sample. It 
is apparent that the plastic deformation would be a function 
of the composition of the lignite. It is entirely possible 
to take two lignite samples of the same moisture content but 
if one sample were less brittle it would be subject to more 
deformation which would consume part of the energy imput and
U9)
thereby forn less -P.00 mesh particles. This would give a 
lower 'Harderove Humber even though the moisture content of 
the two samples were the same.
Rosin-Rammler liquation:
^side from learning the power consumption in grinding, it 
is of interest and practical importance to learn the distri­
bution of the particle size arid to see if some correlation is 
existent. Is the particle size distribution of the crushed 
lignite completely random or does it follow a definite law?
If a plot of the accumulative weight percent is made vs. the 
screen number us proposed by -.O.Hlnkley, it becomes apparent
that the distribution of the particles follows a definite pat­
tern. xk plot of the particle size distribution of Hun ;,'7 is 
made on Graph 2, The plot incorporates the sub-sieve as well 
as the sieve range, similar plots were .made for Huns *4 
through irl where sub-sieve data was available, .vll of the 
curves were similar and practically congruent. v»ince the 
curve is continuous through the sieve and sub-sieve range, 
this supports the supposition that the distribution follows 
the same laws in both the screen and sub-sieve range.
?. Rosin and E. Hammier"^ proposed the following empiri­
cal equation for the particle size distribution of crushed
coal:
where
R - 100 e
R  - accumulative weight percent, 
z. s screen opening dimension, 
x » a parameter, 
n = slope of the line e _ base of natural logarithms.
(20)

;. o. Landers and Y>. i1. Reid clotted the Rosin-10
Harm. J.er equation on a specially ruled paper. The plot is 
a .log vs. log log function. It was found that if the ac~ 
cumulative weight percent were plotted vs, the screen size 
for crushed coal, a straight line relationship was found to 
exist. This meant if only a few points were known or one
point and the slope of the line were known, 
screen analysis could be made. Lo attempt w 
cure points in the sub-screen range for the 
is known.
a complete 
as made to se 
coal so far a
ith the results from the screen analysis from the 
runs with lignite, it was possible to plot the resulting 
data on the Rosln-Hammler paper and it was found that the 
distribution of the lignite particles also formed a straight 
line, complete plot was made for each run and every run, 
without exception, gave a definite straight line plot on 
the Hosin-Hammler payer. The slope of the plot of coal wes 
less than it was for lignite. The steeper slope of the lig­
nite indicated less fines in the particle distribution. The 
slope for all the runs v?as essentially the same. This is 
analogously in agreement with what Landers and Reid found 
for coal.
it was noticed that for the drier samples of lignite, 
the points scattered to a slight degree on the Kosin-Hanualer 
plot. This is probably due to the fact that the drier lig­
nite produces more fines. The fines adhere to the larger 
particles and although the screens are placed in a Ho-Tap
(21)
automatic screen shaker, some of the fines do not fall to 
the screen that corresponds to its particle size. This 
leads to a slightly incorrect screen analysis. Graph 3 
is a plot of Hun ;;5 in which the sub-sieve range is in­
cluded. It is noticed that the points scatter to sitae 
degree for this drier sample. Graph 4 is a plot of Hun ,v8. 
There is little scattering of the points since the moisture 
content was high and the percent fines low. It was noticed 
throughout all the plots that the higher moisture content
samples gave a consistently better plot in that there is»
less scattering of experimental points.
In drawing Graph 3 so that the sub-sieve range could
be included on the Hosin-Uammler plot, the given sheet of 
graph paper was simply laid over a sheet of iiosin-Kcmmler 
paper and the axes extended slightly in the sub-sieve range.
predicted by the probability paper (Graph 2), the dis­
tribution is the same j.n the sub-sieve range as in the 
screen range. The same plot was made for Kims j4 through 
ij7 on the extended Kosin-H&nmler paper and all showed a 
continuous unbroken straight line through the sieve and 
sub-sieve range. This supports the supposition that a 
complete sub-sieve screen analysis can be made from the 
screen analysis by extending the line into the sub-sieve 
range, it should be noted that more experimental data is 
needed on sub-sieve distribution to completely confirm this 
supposition although all of the data in this experiment in­













v/f.s discussed before, the net power as measured in 
this experiment does not all go to crushing the lignite.
The inefficiency of the Hammer.Hill is assumed to be essen­
tially constant so that the variation or trend is due to 
the change in the grindability of the lignite. The frac­
tion of the power that is converted into plastic deforma­
tion will hove to be considered as part of the power going 
into grinding, that is, as part of the grindability. Graph 
5 is a plot; of the net power vs. the raoisuure content. It 
can be seen that the net power increases as the moisture 
content increases. This is not based on a surface area re­
lationship but only on the power consumed. This means that 
it is more difficult to grind lignite of a higher moisture 
content than of a lower moisture content. Conversely, the 
grindability decreases as the moisture content increases, 
furthermore, there seems to be a straight line relationship 
between the net power and the moisture content. It is 
readily seen that the relationship is not a rigidly held 
straight line relationship in that the experimental points 
•, scatter to a considerable degree. It should be pointed out 
that data from this type of experiment is inherently rough 
or approximate in nature. A slight change in the efficiency 
of the Hammer Hill, a change in the feed rate which could 
not be held entirely constant in that the feedrate varied 
as much as 150 from the intended 000 feed rate,




the lignite samples all tend to contribute to the complexity 
and scattering of the data. It is felt that the results are 
within experimental accuracy and the scattering of data is 
due to the above mentioned reasons. It can be seen that the 
measurement of the net power does give an indication as to 
the grindability of the lignite.
Grindability:
As was mentioned previously, the true grindability of 
a substance is based on the net new surface produced and the 
energy input of Hitfinger's Law is assumed, aince the sur­
face factor is constant for the various moisture content 
lignite samples, it can be neglected if only the various 
lignites ere to be compared. If the grindability of the 
lignite were to be compared with coal, it would be necessary 
to include the surface factor. The grindability, then, i3
defined as follows:
G (u)av il
where, G a grindability index.
[■¥) av - arithmetic average of particle size diameter on a given screen.
r. weight percent of sample on the given 
screen.
iJ - Let power.
6 s surface f̂ c^tor.
>.hich reduces to G - . sj.nce only a comparison
of various moisture content lignites is made. The units of 
particle diameter arid net power are inches and watt hours 
per ton. It is obvious that any units of dimension and
(24)
power nay be arbitrarily chosen. The numerical value of 
the grindability will be changed but the relationship will 
be unaltered. The av. term can be replaced by an area
term If it is convenient or desired. /-.Iso the weight per­
cent can be replaced by the number of particles. Obviously 
this would only be done if the particles were, symmetrical 
geometrical shapes and the number of particles would be low. 
In general, the reciprocal diameter and weight percent method 
will be more practical and convenient.
mince sub-sieve runs were not made for all of the Hammer 
hill runs, the average particle size (on a weight basis) had 
to be taken from the Rosin-Rammler plot for each run. It 
was found that the average particle size as taken from the 
Rosin-Ranraler plot corresponded closely with the average 
particle size as taken from an actual sub-sieve plot. It 
should be kept in mind that the average particle size is 
on a weight basis only and riot necessarily the average of 
the diameter of the number of particles. It is believed 
that the two would correspond closely but there is no ex­
perimental evidence to support this supposition. It would 
be necessary-to actually measure each particle size over 
thousands upon thousands of particles in order to get an 
average particle size. If the shapes of the particles 
were symmetrical, this would be a huge job, oince the 
lignite particles are highly unsymmetrical arid no two of 
them are exactly similar it is impossible to select an 
average sample. This procedure would have to be carried
(25)
out over all the screens and sub-sieve range. Clearly such 
a procedure is not only impractical but out of the question.
Pith Run i, 5, for example, the particle size correspond­
ing to the 50 weight percent point was 34 microns on the ea.V- 
sieve plot. On the Rosin-Reninler plot of the sane run, the 
average cub-sieve particle size was 37 microns. This checLe 
on all sub-sieve and Rosin-hammier plots in that the great­
est deviation was only 4 microns between the particle size 
as determined by the Kosin-Rammler end sub-sieve plot. This 
supports the theory that the sub-sieve distribution can be 
made from data taken from the screen analysis, -.gain it 
should be cautioned that more experimental evidence is needed 
to confirm this supposition since only four runs were covered 
by actual sub-sieve data.
The average particle sizes were taken from the Rosin- 
Raramler plot in the following manner: If the screen analyste 
for a given run showed that 32 of the lignite was in the 
mesh range, the 502 mark of the sub-sieve range was taken ce 
the average particle size. There where the plotted line in­
tersected the £8.0 accumulative percent line (R) the particle 
size corresponding to the intersection of those two lines 
was taken as the average particle size. This, again, is the 
average particle size on a weight basis only. Graph 6 shown 
the grindability as a function of the moisture content, .-.gah 
it is noticed that the points are somewhat scattered but the 
same conditions hold in determining the grindability as in 
the determination of the net power since the same net power
(26)
>v>
is used in calculating the grindability. j.s the moisture 
content Increases, the grindability decreases. The setae 
trend was noticed when plotting the net power vs. the mois­
ture content, ~s the moisture content increases the grind- 
ability decreases because the percent of fines diminishes. 
This means less surface area produced, .JLso the net power 
increases for the higher moisture coal. This lowers the 
grindability as can be seen readily from the equation de­
fining the grindability.
Ball Mill:
4  separate set of runs was conducted with a Ball Bill 
to investigate the question of the homogeneity of the lig­
nite. Is the physical structure in a given sample essen­
tially the same throughout or is a fraction of the sample 
essentially harder and more tenacious? It would be ex­
pected that the harder fraction would tend to remain un­
crushed in preference to the fraction that is softer and 
therefore easier to pulverize.
Bincaid lignite of 33 percent moisture was selected 
and crushed in a Jaw Crusher. The fraction that passed 
through the *'G mesh screen and was totalned on the y50 mesh 
screen was used as the feed lignite for this experiment.
initial charge of 400 grams was placed in the Ball Mill 
and the mill was rotated through 100 revolutions. The 
charge was removed and the-4200 mesh lignite was screened 
out and weighed, ,ai equivalent weight of feed was added 
and the 400 gram sample was then placed in the mill again
(27)
and turned for 100 revolutions. The same procedure was 
carried out 13 successive times. By discarding the -200 
mesh lignite and replacing it by an equivalent weight of 
fresh feed, it would be expected that the weight of the 
-200 mesh would diminish if there were a gradual accumula­
tion of the harder fraction lignite in the mill.
Graph 7 is a plot of the weight of -200 mesh lignite 
formed in each successive run of 100 revolutions of the 
Ball Bill. The maximum fluctuation of -200 mesh lignite 
formed within 2,5£ of the total charge. The ordinate of 
graph 7 was not expanded in order that the significance of 
the expert .ental results would not be lost. The amount of 
-200 mesh lignite formed is amazingly consistent. The.firs 
three points are not consistent with the rest since most of 
the grinding power is gone into breaking down the initial 
charge. Once the normal particle size distribution of lig­
nite is established, the weight of -200 mesh formed is es­
sentially constant.
This, then, indicates that the lignite is essentially 
homogeneous throughout in that there is no accumulation of 
a harder consistency lignite in the Ball Mill, The results 
do not prove conclusively that the above is absolutely true 
but it is a strong indication that there is no fraction of 
harder lignite present, 
nummary:
If Rittinger’s Law is assumed to be valid and the grin 
ability of lignite is a function of the net new surface
(23)
produced, it becomes apparent that the surface factor of 
lignite is highly important if a true picture of the grind- 
ability of lignite is to be realized* It can be concluded 
that the surface factor for lignite is high as compared to 
the surface factor of coal. Furthermore, the surface factor 
is a function of the particle size since the lignite par­
ticles range from plate to flake shapes. .-.Iso the surface 
factor progressively increases as the lignite particle size 
decreases.
It has been found that the method for sub-sieve particle 
size distribution as proposed by .. 0. Hinkley can be adapts! 
to determining sub-sieve particle size distribution for lig­
nite. Fmphasis must be placed on the necessity of isotherms! 
conditions if an organic type suspending medium is used due 
to the change In density of the suspending medium under non- 
isothermal conditions. The second precaution to be taken is 
that a non-soluble water suspending medium is to be avoided 
in the higher moisture content lignite samples.
although the Hardgrove Test has been used in determining 
a grindability index for coal, it can be concluded from this 
experiment that the prospect of using the Hardgrove method 
on lignite is poor. Ho correlation was found between the 
Hardgrove Humber and the moisture content. It is believed 
that the physical composition of the lignite varies suffi­
ciently in order to render useless such a method as that used 
on the more brittle and less composition varying coal.
Due to the abundance of the rolled, thin flakes as
(29)
t
observed in making runs with the Ball Bill, it can be seen 
that lignite is subject to plastic deformation. This de­
formation consumes power without increasing the surface of 
the Lignite and therefore leads to incorrect power consump­
tion figures if it is believed that the power that is util­
ized in deforming the coni is used in producing new surface.
It was found end can be concluded that the Itosin-Haramler 
plot can be used for lignite as well as coal, furthermore, 
it was found that sub-sieve data could be found by extending 
the screen analysis into the sub-sieve range but it must be 
cautioned that more experimental evidence is needed to com­
pletely confirm this supposition under other conditions of '
grinding.
liven though the net power includes the loss of power 
due to the inefficiency of the Hammer ’.ill, it is believed 
that the inefficiency is essentially constant so that the 
variation is due to the change in grindability of the lig­
nite. It was found that the net power increased as the 
moisture content increased. This leads to the conclusion 
that the lignite becomes increasingly and progressively 
difficult to grind as the moisture content increases, The 
scattering of experimental points is attributed to changes 
in the physical composition of the coal which is independent 
of the moisture content. The grindability increases as the 
moisture decreases because the percent of fines increases 
(giving a higher net new surface) and the net power decreases,
(30)
Essentially the variation of the grindubility and moisture 
content is a straight line relationship.
The results of the hall ill experiment indicates thu 
there is not a fraction of lignite that is harder or differ­
ent in physical composition in a given sample, .-‘.gain it r.:us 
be pointed out that more exjcrinentel evidence is needed to 
confirm the supposition of homogeneous physical composition. 
It is felt that the results of the Ball ..'.ill experiment were 
highly consistent and that this is strong evidence against 
the hard and soft fraction of a given sample.
In order to clarify a point, suppose a piece of lignite 
were cut from the entire depth of a vein of lignite. If the 
vein were twenty feet deep, it would be expected that the 
physical composition of the lignite at one end of the column 
would be different from that at the other end because the 
layer at the deeper end had been formed thousands of years 
previous to the top layer. Now this is the difference in 
composition as referred to in connection with the Hardgrove 
Test and net power and grlndability results, .’.hen homogen­
eous composition in u given sample is mentioned as in the 
Ball fill experiment, that refers to a given section of the 
twenty foot column. If a one inch slice were taken from any 
part of the twenty foot column, it would be expected that 
the composition of this slice would be homogeneous, unless, 
any section had its hard end soft fraction. The Ball Till 
experiment indicated that there is no hard and soft fraction 
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